As the optical analogue to integrated electronics, integrated photonics has already found widespread use in data centers in the form of optical interconnects. As global network traffic continues its rapid expansion, the power consumption of such circuits becomes a critical consideration. Electrically tunable devices in photonic integrated circuits contribute significantly to the total power budget, as they traditionally rely on inherently power-consuming phenomena such as the plasma dispersion effect or the thermo-optic effect for operation. Here, we demonstrate ultra-low-power refractive index tuning in a hybrid barium titanate (BTO)− silicon nitride (SiN) platform integrated on silicon. We achieve tuning by exploiting the large electric field-driven Pockels effect in ferroelectric BTO thin films of sub-100 nm thickness. The extrapolated power consumption for tuning a free spectral range (FSR) in racetrack resonator devices is only 106 nW/FSR, several orders of magnitude less than many previous reports. We demonstrate the technological potential of our hybrid BTO− SiN technology by compensating thermally induced refractive index variations over a temperature range of 20°C and by using our platform to fabricate tunable multiresonator optical filters. Our hybrid BTO−SiN technology significantly advances the field of ultra-low-power integrated photonic devices and allows for the realization of next-generation efficient photonic circuits for use in a variety of fields, including communications, sensing, and computing.
D ecades ago, the development of integrated electronic circuits revolutionized the electronics industry by enabling electronic circuits to be made smaller, faster, and more cheaply. A similar trend has reached optical networks, where the integration of bulk-and fiber-based circuits can nowadays be realized in photonic integrated circuits (PICs) on compact semiconductor substrates. PICs already play a major role in data centers, and their use is expected to rapidly expand in the coming years owing to the explosive growth of global network traffic. 1−3 In addition to well-established transceiver technologies for data centers, PICs also show promise for use in a wide variety of emerging fields, such as reservoir computing, 4 deep learning, 5 photonic quantum computing, 6 and sensing technologies. 7−9 While many materials have been explored for PICs, silicon-10, 11 and silicon nitride (SiN)-based 12, 13 PIC technologies have received widespread attention due to their compatibility with existing complementary metal-oxide-semiconductor (CMOS) processes. CMOS compatibility is a critical consideration for technological adoption, as it allows for the reliable and cost-efficient construction of micro-and nanoscale devices and the co-integration of electronic and photonic circuitry on a single chip. Besides CMOS compatibility, both silicon and SiN have their own unique advantages when employed in PICs. For example, silicon offers excellent light confinement and a variety of nonlinear effects that can be useful for the construction of a multitude of photonic devices. 11 On the other hand, SiN can accommodate a broad wavelength range, including visible light, can be stacked to form multiplanar device architectures, 14 and can be engineered for very low optical propagation losses. 15, 16 Regardless of one's material platform of choice, a key functionality needed in PICs is the ability to tune the effective refractive index of the guided optical signal. Such refractive index tuning is the building block for electro-optic modulators, 17 switches, 18 and filters, 19−22 which are all fundamental components of PICs. Additionally, refractive index tuning can be used to compensate for unavoidable fabrication imperfections 23−26 and thermal fluctuations 27,28 that erode device performance. Such compensation is particularly important for resonant devices, which offer very small footprints but also suffer from a high sensitivity to environmental changes and fabrication tolerances.
Several different mechanisms have been exploited for tuning the effective refractive index in integrated photonic devices. The most prominent are the thermo-optic effect, which is present in both silicon-and SiN-based platforms, 28−30 and the plasma dispersion effect, which is available in silicon-based devices. 17, 31 Unfortunately, both tuning mechanisms are inherently power consuming. Thermo-optic tuning relies on Joule heating and therefore necessitates significant current flow. Similarly, forward-biased plasma dispersion silicon photonic devices require current flow through a p−n junction. State-of-the-art resonator devices relying on the thermo-optic and plasma dispersion effects for tuning show power consumption on the order of 0.1−100 mW/free spectral range (FSR). 27−29 The static tuning power of such devices can be several times larger than their dynamic power consumption, 32−34 placing severe restrictions on the use of resonant devices in a variety of applications including highthroughput data centers and next-generation sensing technology. Reverse-biased devices are generally less power consuming than forward-biased devices, falling on the lower end of the power consumption scale cited above, 27 but can induce large optical propagation losses caused by high doping levels and are generally less suited for tuning due to the small accessible refractive index window. By introducing III−V layers and forming hybrid III−V/silicon phase shifters, these loss issues have recently been significantly improved. 35 However, the delicate process of wafer-bonding III−V layers to silicon waveguides complicates fabrication, while the unavailability of 200 mm InP wafers limits the scalability of the hybrid III−V/ silicon devices. Furthermore, the transparency window of hybrid III−V/silicon devices is limited to wavelengths greater than ∼1.3 μm by the III−V layers, in contrast to the large transparent window available in hybrid BTO−SiN devices, which should extend into the visible spectrum.
In contrast to the thermo-optic and plasma dispersion effects, the Pockels effect is a second-order nonlinear optic effect describing the electric field-driven modulation of the refractive index. The Pockels effect is therefore uniquely suited for use in ultra-low-power integrated photonics applications, as no electric current flow or doped regions in the waveguide are required for operation. As neither silicon nor SiN inherently displays a strong Pockels effect, 36−38 other materials must be combined with the waveguides. The ferroelectric perovskite BaTiO 3 (barium titanate, BTO) is an excellent candidate, as it displays a very large Pockels response even in thin-film form 39 and can be readily integrated with silicon via an epitaxial SrTiO 3 buffer layer. 40, 41 Furthermore, low-loss hybrid BTO− silicon waveguides have already been demonstrated, 42 as well as electro-optic operation in hybrid BTO−silicon structures 39, 43, 44 on 200 mm wafer sizes. 45, 46 Other platforms, such as those based on the transition metal oxides lead zirconate titanate 47 and lithium niobate, 48 have also been explored for integrated Pockels devices. However, their performance in regard to static power consumption is still unclear.
While hybrid BTO−silicon photonic devices have recently garnered significant attention, the combination of BTO with SiN potentially offers many advantages over a silicon-based platform. For example, the integration of SiN strip waveguides with BTO allows for the combination of ultra-low-power refractive index tuning via the Pockels effect in BTO with the low optical losses available in SiN. 15, 16, 49 In addition, there are no mobile charge carriers in highly insulating SiN that can impact electro-optic performance. Finally, due to the different material absorption, the optical wavelength range available in BTO−SiN waveguides is significantly wider than in BTO−Si waveguides, allowing operation in the visible wavelength range, for example. Electro-optic devices featuring BTO integrated on MgO have previously been demonstrated at a wavelength of 632 nm, indicating that BTO maintains a strong electro-optic response in the visible spectrum. 50−53 In this work, we fabricate hybrid BTO−SiN racetrack resonators and demonstrate the ability to electrically tune the effective refractive index on the order of 10 −3 . Our devices feature a remarkably low power consumption of approximately 106 nW/FSR, several orders of magnitude lower than many previous reports. 27 −29,44,54 We demonstrate the technological potential of our hybrid BTO−SiN technology by compensating thermal refractive index variations over a temperature range of 20°C as well as by demonstrating tunable multiresonator optical filters that can be used to compensate for unavoidable fabrication imperfections. ■ METHODS Device Fabrication. We epitaxially grow 80 nm singlecrystalline BTO thin films ( Figure 1a ) by molecular beam epitaxy on silicon-on-insulator substrates and subsequently transfer them to thermally oxidized silicon wafers via waferbonding. 39 The device silicon layer of the donor wafer is removed by dry chemical etching. Next, 150 nm SiN is deposited on the BTO layer by plasma-enhanced chemical vapor deposition (PECVD) and patterned to form waveguides using e-beam lithography and reactive ion etching. Finally, a combination of tungsten deposition, SiO 2 deposition, and dry chemical etching processes were used to form side electrodes, vias, cladding, and metal pads for contacting the devices, resulting in a final device structure shown schematically in Figure 1b .
Electro-optic Characterization. Light from a fibercoupled, tunable continuous-wave laser operating around 1.55 μm was coupled into and out of the devices via grating couplers and detected with a power meter. The incoming polarization was set using a polarization controller. A parameter analyzer was used to apply the bias to the devices and to determine the leakage currents. Device temperature was adjusted and monitored via an external temperature controller for temperature-dependent measurements. A detailed schematic of the setup used for electro-optic characterization is presented in the Supporting Information Section 1.
We measured the resonance shifts Δλ for different electric fields and converted them to effective refractive index shifts Δn eff using the relation Δn eff = λ 0 Δλ/FSR(L e ), where λ 0 is the resonance wavelength at 0 V bias, FSR is the free-spectral range in terms of wavelength, and L e is the total length of the electrodes.
Optical Mode Simulations. Optical mode simulations were performed using COMSOL Multiphysics and the COMSOL RF module. The refractive indices used for the simulations are presented in Supporting Information Table S1 . The perfect electrical conductor boundary condition (i.e., n⃗ × E ⃗ = 0 ⃗ , where n⃗ is the unit normal vector and E ⃗ is the electric field vector) was applied to all outer boundaries of the 2d simulation cell. The electric field was taken to be perfectly inplane initially, and the wavelength was taken to be 1550 nm.
■ RESULTS AND DISCUSSION Ultra-Low-Power Refractive Index Tuning. The waveguides of the fabricated devices support a single TE-like mode ( Figure 1c ) with 18% of the optical power confined in the electro-optically active BTO layer. Power confinement in the BTO scales with BTO thickness and can therefore be increased by fabricating devices with thicker BTO layers (Supporting Information Section 2). The propagation losses are 9.4 dB/cm (Supporting Information Section 3), comparable to previous reports of hybrid BTO−silicon waveguides, 39, 42, 45 and can likely be reduced through the development of an optimized fabrication process. 16, 42 Racetrack resonators used for index tuning experiments feature two 75-μm-long straight segments with electrodes separated by 5.1 μm to apply an electric field for electro-optic operation (Figure 1d ). We designed the electrodes such that the electric field is applied along the BTO⟨011⟩ family of lattice vectors in order to exploit the largest Pockels coefficient, r 42 , and maximize the electro-optic response. 39 The transmission spectra of the devices (Figure 2a ) feature sharp resonances with extinction ratios of approximately 18 dB.
Upon applying an electric field across the device, the resonance positions shift, indicating a change in the effective refractive index within the resonator. The electric field E across the waveguide was estimated according to E = V/d, where V is the applied bias and d is the separation between electrodes. Following the procedure outlined in the Methods section, we track the shift of the effective index as a function of applied field (Figure 2b) . The refractive index varies linearly with the applied field above fields of approximately 40 kV/cm, as expected for the Pockels effect. At lower fields, the refractive index variation deviates from the linear behavior due to nonlinear contributions from ferroelectric domain switching. 39, 41, 45 Such domain switching results in hysteretic behavior of the refractive index when sweeping the electric field ( Figure  2b ), in line with previous reports. 39 An effective Pockels coefficient of approximately 343 pm/V is extracted from the index tuning experiments, which agrees with previous reports on BTO thin films. 46 Due to the strong dependence of the effective Pockels coefficient on the crystalline quality, morphology, and symmetry, which in turn strongly depend on deposition conditions 55 and film thicknesses, 56, 57 both larger 39 and smaller 41, 43, 55 Pockels coefficients in a similar range to the value determined in this study have been reported in the past.
The application of a bias across the device does not alter the extinction ratios even up to 40 V (78 kV/cm). This behavior is expected, as the Pockels effect does not impact the imaginary part of the refractive index. In contrast, active operation of devices exploiting the plasma dispersion effect typically results in undesired, additional optical absorption. 27, 58 Our devices show ultra-low power consumption (Figure 2c ) of 106 ± 5 nW/FSR (Supporting Information Section 4), several orders of magnitude less than that in plasma dispersion-and thermooptic-based electro-optic tuning devices that are compatible with standard PIC integration routes (Table 1) . [27] [28] [29] 54 Furthermore, analogous electro-optic tuning devices utilizing the Pockels effect in lithium niobate integrated with silicon and SiN strip waveguides have been demonstrated, although with significantly smaller tunability than the devices reported here. 59−61 While the power consumption of the lithium niobate devices is not explicitly stated, the large voltages required for tuning suggest greater static power consumption than the BTO devices reported here.
It should be noted that a full FSR of tuning is not achieved in the devices reported here. However, the tuning range can be significantly increased for a given electric field and the resonator devices can be optimized for low-bias operation. Example optimizations include improvements to the electrode design, such as the use of transparent conducting electrodes, 62 and the use of thicker BTO in future devices, thereby increasing the optical confinement in BTO as well as the electro-optic tunability (Supporting Information Section 2). We estimate the power consumption of the optimized resonators to be approximately 22 nW/FSR. Furthermore, the BTO−SiN platform can be used to construct linear phase shifters that are well-suited for low-bias operation due to their much greater active length relative to compact resonator devices. Our calculations suggest V π = 3 V for a 1-mm-long linear phase shifter constructed from the BTO−SiN platform with a corresponding power consumption P π ≈ 1 nW (Supporting Information Section 2). A similar power consumption was recently reported for hybrid III−V/silicon linear phase shifters. 35 However, the small band gap of the III− V materials and challenging fabrication route significantly limit the optically transparent window and integration flexibility relative to the hybrid BTO−SiN platform discussed in this work ( Table 1) .
The measured power consumption is the result of a small leakage current across the nominally insulating BTO layer (Supporting Information Section 5). The leakage current in oxides is typically associated with a Pool−Frenkel-type conduction mechanism. 63 The origin of the charge transport are defects in the material such as oxygen vacancies or interfacial traps, which are determined by the material deposition and device fabrication process. Indeed, oxides that can be used for Pockels-active devices can show significant power consumption due to relatively high leakage currents. 44, 64 The realization of exceptionally low leakage current on the order of pA even after device processing and PECVD of SiN is a major achievement and indicates the great promise of the hybrid BTO−SiN platform in realistic, power-sensitive technologies.
Thermal Compensation. Having established ultra-lowpower refractive index tuning in the hybrid BTO−SiN electrooptic devices, we use the platform to demonstrate two example applications of this technology. First, we use racetrack resonator devices to compensate for thermal refractive index variations. A key challenge facing future integrated photonics technology is the ability to sustain reliable operation in environments subject to temperature fluctuations. 65 Because SiN 30 and in particular silicon 66−68 show a significant thermooptic effect, relatively minor temperature fluctuations can have a significant impact on the effective refractive index of guided modes. In resonators, thermally induced index fluctuations can therefore alter a device's optical characteristics at a given wavelength unless such index fluctuations are appropriately compensated. Ultra-low-power Pockels tuning of the effective refractive index allows for an efficient way to compensate for thermal index drift without dissipating additional heat across the device, as would occur in devices exploiting current-driven tuning mechanisms.
To demonstrate thermal refractive index drift compensation via Pockels tuning, we analyzed the transmission of the devices in the temperature range from room temperature (25°C) up to 45°C (Figure 3a ). We extracted a thermo-optic resonance shift in our devices of 21.6 pm/°C. At each stable temperature point, we tuned the bias appropriately such as to shift the resonance back to its room-temperature position (Figure 3b ) and measured the power dissipated across the device at the optimal tuning voltage. Through this procedure, we compensate for thermal refractive index variation over a temperature range of 20°C while consuming less than 1 nW of static power, 4 orders of magnitude less than the approximately 50 μW of static power required to compensate for heating of 10°C in state-of-the-art p−n modulators. 27 Importantly, the minimal power dissipated across our devices during electrooptic operation results in negligible heating, allowing for the compensation of large temperature fluctuations without introducing additional heating from device operation. The negligible heating in our devices also reduces thermal cross-talk as compared to thermo-optic devices, 69 allowing for exceedingly local refractive index tuning even for dense device arrays. The relatively high Curie temperature of BTO allows for hightemperature operation in BTO-based electro-optic devices, with the unimpaired operation of BTO-on-silicon plasmonic modulators having been demonstrated up to 130°C. 70 Tunable Multiresonator Filters. As a second example application of our hybrid BTO−SiN platform, we fabricated coupled multiresonator optical filters. Many photonics applications, including quantum information processing, 20 wavelength division multiplexing, 19 and on-chip reconfigurable networks 22 make use of high-quality optical filters. While many reports have explored the use of coupled resonators as optical filters, 71−74 resonators suffer from an extreme sensitivity to fabrication tolerances, and even minor imperfections can decouple resonances. 23−26 However, by incorporating an optical path length trimming mechanism into the devices to compensate for fabrication imperfections, coupled resonator filters can be made significantly more robust.
We have utilized our BTO-SiN platform to fabricate tunable, multiracetrack resonator optical filters (Figure 4a ). The devices feature three racetrack resonators coupled to a straight waveguide, although the design can be extended to a larger number of resonators. Because the purpose of these experiments is to demonstrate the ability to overcome fabrication imperfections in multiresonator filters via low-power electrooptic tuning, we focused on cascaded multiresonator filters, rather than coupled resonator filters, 71 for simplicity. Differences in resonator cavity lengths result in the appearance of three distinct resonances (Figure 4b) , one for each resonator. By appropriately biasing two of the resonators, the individual resonances can be coalesced into a single resonance whose extinction ratio is equal to the sum of the extinction ratios of the individual resonances (Figure 4b ). Here, we have purposely designed devices in which the extinction ratios of the individual resonances are only 6 dB to ensure the minimum transmission within the coalesced resonance is still measurable in our experimental setup. However, the multiresonator tunable filters presented here can in principle be used to fabricate devices with very large extinction ratios. The coalesced resonance can itself also be spectrally tuned ( Figure  4c ) by appropriately biasing all three resonators. The linear tuning behavior of the refractive index with the electric field (Figure 2b ) simplifies the determination of the individual resonator bias conditions required for tuning the coalesced resonance.
■ CONCLUSION
In summary, we have demonstrated ultra-low-power refractive index tuning in silicon-integrated hybrid BTO−SiN photonic devices. By exploiting the large electric field-driven Pockels effect in BTO, we have realized index tuning with static power consumption of approximately 106 nW/FSR in racetrack resonator devices. We use our devices to compensate for thermal refractive index variations and demonstrate the ability to compensate for heating of 20°C while consuming less than 1 nW of static power. Additionally, we fabricate multiresonator optical filters and provide a proof-of-concept demonstration for using the Pockels effect to perform optical path length trimming and overcome decoupling arising from fabrication imperfections.
The devices we present outperform previously reported tuning elements in terms of power consumption by several orders of magnitude. Furthermore, the combination of BTO with SiN enables fully dielectric waveguides with very low propagation losses that extend the optically transparent window into the visible range, allowing the hybrid BTO− SiN platform to find use in a wide variety of next-generation technologies including biosensors 75 and LIDAR. 76, 77 Our results show the technological potential of the Pockels-active hybrid BTO−SiN platform for ultra-low-power integrated photonic devices. The availability of such devices in integrated photonics shines new light onto the implementation of resonant structures in compact PICs. While such structures offer a variety of attractive properties, such as small footprints and sharp transmission spectra as needed, for example, for filters, their applicability has always been limited by the power consumption needed for active tuning. Hybrid BTO−SiN devices can overcome this issue and enable the next generation of photonic applications, including compact communications technologies, optical computing systems, and ultrasensitive photonic sensors. 
